Abstract Cerebral infarction presenting with isolated vertigo remains a diagnostic challenge. To define the clinical characteristics of unilateral infarctions restricted to the vestibular nuclei, two patients with isolated unilateral vestibular nuclear infarction had bedside and laboratory evaluation of the ocular motor and vestibular function, including videooculography, bithermal caloric irrigation, the head impulse test (HIT) using magnetic scleral coils, and cervical and ocular vestibular-evoked myogenic potentials (VEMPs). We also reviewed the literature on isolated vertigo from lesions restricted to the vestibular nuclei, and analyzed the clinical features of seven additional patients. Both patients showed spontaneous torsional-horizontal nystagmus that beat away from the lesion side, and direction-changing gaze-evoked nystagmus. Recording of HIT using a magnetic search coil system documented decreased gains of the vestibular-ocular reflex for the horizontal and posterior semicircular canals on both sides, but more for the ipsilesional canals. Bithermal caloric tests showed ipsilesional canal paresis in both patients. Cervical and ocular VEMPs showed decreased or absent responses during stimulation of the ipsilesional ear. Initial MRIs including diffusion-weighted images were normal or equivocal, but follow-up imaging disclosed a circumscribed acute infarction in the area of the vestibular nuclei. Infarctions restricted to the vestibular nuclei may present with isolated vertigo with features of both peripheral and central vestibulopathies. Central signs should be sought even in patients with spontaneous horizontal-torsional nystagmus and positive HIT. In patients with combined peripheral and central vestibulopathy, a vestibular nuclear lesion should be considered especially when hearing is preserved.
Introduction
Combine peripheral and central vestibulopathy poses a diagnostic challenge since the clinical features of peripheral vestibulopathy may overshadow the central one, or vice versa in this disorder [1, 2] . The combined peripheral and central vestibulopathy of insidious onset usually indicates a mass lesion involving the cerebellopontine angle [3] . In contrast, an infarction in the territory of anterior inferior cerebellar artery should be a prime suspicion when acute since this artery supplies both the central and peripheral vestibular structures [1, 4, 5] . However, a lesion restricted to the brainstem may also show typical features of peripheral vestibulopathy when the lesions are located in the vestibular root entry zone or the vestibular nuclei [6] . Isolated vertigo from lesions restricted to the vestibular nuclei has rarely been reported, but mostly without full neurotological evaluation [7] [8] [9] . We report two patients who presented with isolated acute spontaneous vertigo with features of both peripheral and central vestibulopathies from a unilateral infarction restricted to the vestibular nuclei. We also reviewed the literature on isolated vertigo from lesions restricted to the vestibular nuclei, and analyzed the clinical features in seven additional patients.
Materials and methods

Case reports
Patient 1
A 34-year-old man with hypertension for 2 years developed acute spontaneous vertigo with vomiting and imbalance. He had no other neurological or auditory symptoms. Examination about 7 h after symptom onset showed spontaneous left-beating horizontal-torsional nystagmus that increased during left eccentric gaze and with removal of visual fixation, and changed into right beating during rightward gaze (video 1). He had no head tilt or skew deviation. Bedside head impulse tests (HIT) were positive for the right horizontal semicircular canal (HC) (video 2). Initial MRIs including diffusion-weighted images 4 h after symptom onset were normal (Fig. 1a) , but follow-up diffusion-weighted MRIs 4 days later disclosed a small acute infarction restricted to the right medial vestibular nucleus (Fig. 1b) .
The patient was treated with antiplatelet and antihypertensive medication. The vertigo and imbalance resolved within 5 days of symptom onset, and follow-up evaluation 1 month later showed resolution of all the abnormal findings observed during the acute phase.
Patient 2
A 67-year-old man with diabetes mellitus developed acute spontaneous vertigo with vomiting and imbalance in the absence of other neurological or auditory symptoms. Examination 2 days after symptom onset showed Fig. 1 MRIs of the patients. In patient 1, the initial diffusionweighted MRIs 4 h after symptom onset were normal (a), but follow-up imaging 4 days later disclosed acute tiny infarction (arrow) in the area of right medial vestibular nucleus (b). In patient 2, the initial diffusion-weighted MRIs 2 days after the symptom onset showed a suspicious lesion in the middle cerebellar peduncle (c, arrow), but follow-up imaging 5 days later disclosed a definite acute infarction (arrow) in the area of right medial and inferior vestibular nuclei (d) spontaneous left-beating horizontal-torsional nystagmus that increased with removal of visual fixation and during left eccentric gaze, and changed into right beating during rightward gaze (video 3). He had no head tilt or skew deviation. Bedside HITs were positive for the HCs and the posterior semicircular canals (PCs) on both sides (video 4). Initial MRIs including diffusion-weighted images 2 days after symptom onset showed an indistinct lesion in the right middle cerebellar peduncle (Fig. 1c) , but follow-up diffusion-weighted MRIs 5 days later disclosed a definite acute infarction restricted to the right medial and inferior vestibular nuclei (Fig. 1d) .
The patient was discharged with mild dizziness and imbalance seven days after symptom onset.
Bedside neurotologic examinations
Both patients had evaluation of spontaneous and gazeevoked nystagmus (GEN) with fixation. Spontaneous, vibration-induced (VIN) and head-shaking nystagmus (HSN) were also observed on a video monitor without fixation using video Frenzel goggles (SLMED, Seoul, Korea). Bedside HITs were performed manually with a rapid rotation of the head of *20°amplitude in the planes of the HC and the vertical canals. HIT was considered abnormal if a corrective saccade supplemented the inadequate slow phase in the plane of the semicircular canal stimulated [10] .
Oculography
Nystagmus was recorded binocularly at a sampling rate of 60 Hz using a video-oculography (SensoMotoric Instruments, Teltow, Germany) [11] . While wearing the videooculography goggles in a seated position, spontaneous nystagmus was recorded both with and without fixation in the straight-ahead gaze. GEN in the horizontal (±30°) and vertical (±20°) planes were recorded. VIN was recorded by applying a hand-held vibration stimulator (VVIB 100, Synapsis, Marseille, France) that had a frequency of 100 Hz (±5 %) and the contact area at 0.9 cm 2 . The stimuli were given for 10 s at both mastoids with an interval of 5 s. HSN was induced by passive head-shaking. The examiner pitched the patient's head forward by 30°to bring the HCs into the plane of stimulation. The patients' heads were then grasped firmly with both hands and shaken horizontally in a sinusoidal fashion at a rate of 2.8 Hz with an approximate amplitude of 10°for 15 s [11] . To induce positional nystagmus, the patients lay supine from sitting and turned their heads to either side while supine. Then the patients were moved from a supine to a sitting position and the head was bent forward [12] . The patients also had the right and left Dix-Hallpike maneuvers and the straight head-hanging test [13] .
For recording of the HIT, head and eye movements were measured using a magnetic search coil technique in a 70-cm cubic search coil frame (Skalar, Delft, The Netherlands) [14] . A scleral annulus ring (CHRONOS VISION, Berlin, Germany) was placed on the subject's left eye after anesthetizing the conjunctiva with 0.5 % proparacaine hydrochloride (Alcon, Seoul, Korea). A second coil was fixed at the center of the forehead. Calibration of the eye and head positions was conducted by a gimbal that could be rotated independently around three different axes. In addition to in vitro calibration using the gimbal system, we also used horizontal (±10°) and vertical (±10°) fixation spots for in vivo eye calibration. The patients were instructed to fixate on a red target placed 1.2 m in front of them. The head impulses were a passive, unpredictable, low-amplitude, and high-acceleration head rotation in the planes of the HC, left anterior semicircular canal (AC) and right PC, and right AC and left PC while subjects sat upright [15] . A minimum of five impulses were applied in each direction. The gain of the vestibular-ocular reflex (VOR) was calculated for each trial as the ratio of the peak velocity of the eye over the peak velocity of the head. Eye and head position signals were digitized at 200 Hz with an analog to digital converter (EZAD, Seoul, Korea) and were displayed on a computer screen to allow eye-motion monitoring during the tests. Digitized data were analyzed with MATLAB software (version R2011b; The MathWorks Inc., Natick, MA, USA) [14] . Ten healthy subjects (seven men and three women, age 29-70 years, mean ± SD = 52 ± 14 years) with no history of vestibular or neurological disorders served as controls. We defined reduced responses of the eye velocity during HIT when the mean VOR gains were less than a mean-2SD of the control data (\0.70 for the HC, \0.72 for the AC, and \0.76 for the PC) [14] .
Bithermal caloric tests
The caloric stimuli comprised alternate periods of irrigation for 25 s with 50 ml of cold (30°C) and hot (44°C) water. Nystagmus was recorded binocularly with videooculography (ICS Medical, Schaumburg, IL, USA). Asymmetry of the vestibular function was calculated using Jongkees' formula, and caloric paresis was defined as a response difference of at least 25 % between the ears [11] .
Ocular torsion
Ocular torsion was evaluated by taking photographs of the fundus with a scanning laser ophthalmoscope (CF-60 UVI Fundus Camera, Canon, Tokyo, Japan). The degree of ocular torsion was quantified by measuring the angle formed by a horizontal meridian running through the center of the disc and a straight line passing through the center of the disc and the fovea. Abnormal ocular torsion was defined as being present when the eye showed any intorsion or extorsion of more than 12.6° [16] .
Subjective visual vertical (SVV)
The SVV tilt was measured by seating the subject upright in a dark room and asking him or her to align a rod (8.4 cm long and 0.4 cm wide) vertically using a mouse in the preferred hand. The rod was presented at various angles from the vertical randomly on an LCD monitor positioned 70 cm from the subject's eyes, and the subject viewed the rod through a hole (15 cm in diameter) in a black panel in front of the monitor. The SVV tilt was considered abnormal when it exceeded normal values (-3.8*3.1°in the left eye, -3.1*3.0°in the right eye, and -2.4*2.6°in both eyes; a negative value indicates a counterclockwise rotation) [17] .
Cervical and ocular vestibular-evoked myogenic potentials (VEMPs) Cervical VEMPs were recorded with the subject supine on a bed with the head raised approximately 30°from the horizontal and rotated contralaterally in order to activate the sternocleidomastoid muscles (SCM). The surface electromyographic (EMG) activity was measured from an active electrode placed over the belly of the contracted SCM and from a reference electrode located on the medial clavicle. A ground electrode was attached to the forehead. A short burst of alternating tone (110 dB nHL, 123.5 dB SPL, 500 Hz, rise time = 2 ms, plateau = 3 ms, and fall time = 2 ms) was applied at 2.1 Hz monaurally via a headphone. The analysis time for each stimulus was 50 ms and responses elicited by up to 80 stimuli were averaged for each test. The signal was bandpass filtered at 30*1,500 Hz, and the mean values of at least two trials were obtained from each ear for all participants. During each recording the amplified EMG activities of the SCM were also monitored and digitized at 1 kHz using an analog-to-digital converter (NI PCI-4461, National Instruments, Austin, TX, USA). The LabVIEW program (National Instruments) was used to analyze the peak-topeak amplitudes and calculate the mean tonic activation during the recording. The absolute cervical VEMP amplitude was then normalized against the mean tonic activation of the SCM during the recording. To compare the normalized p13-n23 amplitudes of the cervical VEMP on the affected side with that on the intact side, the interaural difference ratio of the normalized amplitudes (IADamp, %) was also calculated as [(Ai-Ac)/(Ai ? Ac) 9 100], where Ai and AC are the normalized p13-n23 amplitude on the ipsilesional and contralesional sides, respectively. Both the p13 and n23 peak latencies were also calculated.
Ocular VEMPs were recorded with the subject sitting while looking at a target that was displaced more than 2 m from the eyes and at an angle of more than 20°upward. EMG activities were recorded using surface electrodes. An active electrode was placed 1 cm below the center of the lower eyelid and the reference electrode was attached to the cheek 2 cm below the active electrode. The ground electrode was located on the forehead at Fpz. Ocular VEMPs were elicited by vibration stimuli at AFz using a hand-held minishaker (Model 4810, Bruel and Kjaer P/L, Denmark; 500 Hz). Ocular VEMPs in response up to 60 stimuli were averaged for each test, and the average latency of the initial negative peak (n1) and the n1-p1 amplitude were analyzed. The interaural difference ratio of the amplitude of the ocular VEMPs was calculated as IADamp (%) [(Ai-Ac)/(Ai ? Ac) 9 100], where Ai and Ac are the n1-p1 amplitude on the ipsilesional and contralesional sides, respectively. Cervical and ocular VEMPs were recorded using a Nicolet Viking Select unit (NicoletBiomedical, Madison, WI, USA).
MRI MRI was performed with 3.0 T or 1.5 T unit (Intera, Philips Medical Systems, Best, The Netherlands) using our standard imaging protocol (axial turbo spin-echo T2-weighted imaging, axial spin-echo T1-weighted imaging, and axial gradient-echo imaging) [18] .
Standard protocol approvals and patient consents
All experiments followed the tenets of the Declaration of Helsinki and this study was approved by Institutional Review Board of Seoul National University Bundang Hospital.
Results
Oculography
Both patients showed torsional-horizontal nystagmus beating to the intact side during straight-ahead gaze. The nystagmus increased with removal of visual fixation, and when looking to the intact side. On the contrary, the nystagmus changed directions when looking to the lesion side, which is consistent with GEN (Fig. 2) . The spontaneous nystagmus was augmented by application of vibratory stimuli to the mastoid on either side. However, horizontal head shaking and positional changes did not affect the spontaneous nystagmus significantly. Recording of HIT using a magnetic search coil system documented decreased 3 Head impulse tests (HIT) using the magnetic scleral coil technique. In both patients (a patient 1, b patient 2), the gains of the vestibulo-ocular reflex (VOR) were reduced during HITs for the horizontal (HCs) and posterior semicircular canals (PCs) on both sides, but more marked for ipsilesional ones. In patient 1, both covert and overt saccades were evident during stimulation of both HCs and VOR gains for the HCs and PCs on both sides, but more for the ipsilesional canals (Fig. 3) . Bithermal caloric irrigation showed ipsilesional canal paresis (57 % for patient 1 and 81 % for patient 2) in both patients (Fig. 4a ).
Other neurotological tests
The patients showed no abnormal ocular torsion on fundus photography or abnormal tilt of the subjective visual vertical. Pure tone and speech audiometry were normal (Fig. 4b) . Cervical VEMPs elicited by sound stimuli and ocular VEMPs in response to vibratory stimuli were decreased or absent during stimulation of the ipsilesional ear (Fig. 4c, d ). Initial MRIs including diffusion-weighted images were normal or equivocal for an acute infarction, but follow-up imaging a few days later disclosed a circumscribed acute infarction in the area of the vestibular nuclei in both patients. Review of the literature Through the literature search, we were able to find seven more patients with isolated vertigo from vestibular nuclear infarctions (Table 1 ; Fig. 5 ) [7, 9, [19] [20] [21] . Most of them had acute spontaneous vertigo and nystagmus. Although comprehensive evaluation of the vestibular function was not available for most of them, abnormal neurotological findings included contralesional (patients 3, 6, and 8-9) or ipsilesional (patient 7) spontaneous nystagmus, positive bedside HIT during stimulation of the ipsilesional HC (patients 6 and 8), ipsilesional caloric paresis (patients 6), and abnormal VEMPs during ipsilesional ear stimulation (patient 6). Furthermore, four of them showed positive HINTS, including GEN in three (patients 4, 6-7) and skew deviation (patients 3 and 6). Accordingly, isolated 
8 [20] 69/F Rt AICA V/Vo C(H) ? I ? - vestibular nuclear lesions appear to mostly show the features of both peripheral and central vestibulopathies.
Discussion
Our patients with isolated vestibular nucleus infarction presented with isolated spontaneous vertigo with features of both peripheral and central vestibulopathies. The horizontal-torsional spontaneous nystagmus increasing with removal of visual fixation, positive HIT, unilateral caloric paresis, and decreased or absent VEMP responses were all consistent with unilateral peripheral vestibulopathy [22, 23] . However, our patient also showed direction-changing GEN that is a central oculomotor sign. Since the neural integration for horizontal eye motion is accomplished by the medial vestibular nucleus/nucleus prepositus hypoglossi complex [24] and the flocculus [25] , direction-changing GEN commonly occurs in lesions involving the brainstem or cerebellum. In a previous study, three ocular motor signs, normal horizontal HIT, direction changing nystagmus, skew deviation (''HINTS''), were more sensitive for detecting acute central vestibular syndrome than early MRIs [26] . Indeed, our patients with isolated vestibular nucleus infarction also showed direction changing GEN during lateral eccentric gazes in the presence of normal or equivocal MRIs initially during the acute phase.
One (patient 1) of our patients showed positive bedside HIT for the right HC, and recording of HIT using magnetic scleral coils additionally revealed a decreased VOR gain for the contralesional left HC and both PCs even though decrease of the VOR gains were more marked for the ipsilesional HC and PC. In the other patient (patient 2), recording of HIT using a magnetic scleral coil technique also documented decreased VOR gains for both HCs and both PCs, more marked for the ipsilesional canals, even though bedside HIT was less obvious for the contralesional HC and PC. Bedside HIT is less sensitive than quantitative HIT, especially when the vestibular deficits are partial [17] , or the covert saccades mask the corrective catch-up saccades, preventing accurate identification of the vestibular impairments [16] . Furthermore, bedside HITs in the planes of the vertical canals are more difficult for interpretation than the horizontal HIT. Positive HIT has generally been considered a peripheral vestibular sign, even though it may be rarely observed in brainstem or cerebellar lesions [27, 28] . Our patients also showed that lesions involving the vestibular nuclei may cause positive HITs along with other features of peripheral vestibulopathy. Sparing of the VOR pathway from the ACs is consistent with the known anatomy of the vestibular pathways. The signals from the HCs and PCs are mainly mediated by the medial vestibular nucleus while the inputs from the ACs are processed via the superior as well as the medial vestibular nucleus [29] . The decreased VOR gains for the contralesional HC and PC may be an adaptive mechanism, probably through the inhibitory interneurons within the vestibular nuclei [28] .
The vestibular nuclei are located in the dorsolateral portion of the rostral medulla and caudal pons. The medial and inferior vestibular nuclei are supplied by the posterior inferior cerebellar artery in the rostral medulla [30] . In contrast, the anterior inferior cerebellar artery irrigates all four vestibular nuclei in the caudal pons [30] . In both patients, the initial MRIs including diffusion-weighted images were normal or only suspicious for an infarction during the acute phase. Occasionally, MRI including diffuse weighted imaging fails to detect a cerebral infarction, especially during the acute stage [31, 32] . Indeed, diffusionweighted MRIs were falsely negative during the acute phase in 12-18 % of the patients with acute vestibular syndrome due to a stroke [26, 33] . The reason for this initial negativity of MRI remains speculative, but explanations may include functional impairments without a completed stroke, limited resolution of MRI, increasing infarction size during the follow-up, and progression from isolated inner ear infarction into infarction involving the whole territory of the anterior inferior cerebellar artery [2, 32] . Isolated vestibular syndrome has generally been ascribed to inflammatory disorders involving the labyrinth, i.e. vestibular neuritis or labyrinthitis [34] . Recognition of infarction as an occasional cause of isolated vestibular syndrome is important since it requires an evaluation for the cerebral vasculature and stroke risk factors [35] . Furthermore, patients with an infarction should receive proper treatments including acute management and lifetime prophylaxis for stroke [35] . Accordingly, central signs including the HINTS should be carefully sought even in patients with features of peripheral vestibulopathy and negative MRIs [4, 26] .
